To analyze the association between polymorphisms in the TIMP3 gene and genes of the high-density lipoprotein (HDL) metabolism and age-related macular degeneration (AMD), and evaluate serum lipid and lipoprotein levels in AMD patients compared with control individuals. METHODS. Single nucleotide polymorphisms in or near the TIMP3, ABCA1, FADS1-3, CETP, LIPC, and LPL genes were genotyped. Serum levels of apolipoprotein B (ApoB), apolipoprotein A2, lipoprotein a, cholesterol, triglycerides, and HDLcholesterol were determined. RESULTS. Significant associations were found between AMD and variants in ABCA1 and FADS1-3, and a nearly significant association in TIMP3. No significant associations were observed for variants in LPL, LIPC, and CETP. We also observed a significant elevation of ApoB levels in serum of AMD patients. Other lipids and lipoproteins were not significantly altered. CONCLUSIONS. These results confirm associations of AMD with variants near the TIMP3 gene and at loci involved in HDL metabolism. They further highlight a role of the extracellular matrix and the HDL metabolism in the pathogenesis of AMD. This study identified increased ApoB levels as a possible new serum biomarker for AMD. (Invest Ophthalmol Vis Sci. 2011; 52:5525-5528)
A ge-related macular degeneration (AMD) is a multifactorial disorder caused by genetic and environmental factors. The most consistently identified environmental risk factor is smoking. 1 Despite the late onset of the disease, familial and twinbased studies have shown that AMD has a strong genetic component. 2, 3 Single nucleotide polymorphisms (SNPs) in the complement factor H (CFH) 4 -6 gene and in the ARMS2/HTRA1 [7] [8] [9] gene are strongly associated with AMD. Genetic association studies identified variants in several other genes of the complement pathway such as complement factor B (CFB), 10 component 2 (C2), 10 component 3 (C3), 11 and complement factor I (CFI). 12 Together, these variants account for Ͼ50% of the disease risk. 13 Recently, two genome-wide association studies identified additional genetic markers to be associated with AMD. 14, 15 A new susceptibility locus was identified near the TIMP3 gene. 15 TIMP3 is a metalloproteinase involved in degradation of the extracellular matrix. Mutations in TIMP3 are also responsible for an early-onset autosomal dominant macular dystrophy. 16 In addition, loci involved in the high-density lipoprotein (HDL) cholesterol pathway were found to be associated with AMD. Associations were identified with variants in the hepatic lipase (LIPC) gene, the cholesterylester transfer protein (CETP) gene, the ATP-binding cassette transporter A1 (ABCA1) gene, the fatty acid desaturase gene cluster (FADS1-3), and the lipoprotein lipase (LPL) gene. 14, 15 Although these associations point toward a role of the HDL metabolism in AMD, previous studies that have examined the association between serum HDL levels and AMD show conflicting results. [17] [18] [19] [20] [21] [22] [23] Some studies found no relationship, 21, 23 whereas others found that increased risk of AMD was associated with increased HDL levels 17, 19 and yet others have shown an inverse relationship between HDL levels and AMD. 18, 20, 22 In this study we analyzed these new risk alleles in AMD patients and control individuals from a German/Dutch cohort, to evaluate their relevance in our population. In addition, we evaluated the concentration of lipids and lipoproteins in serum samples of AMD patients and control individuals.
MATERIAL AND METHODS

Study Population
The European Genetic Database (EUGENDA) is a German/Dutch project studying development and therapy of AMD. In the present study, 1201 AMD patients (827 Dutch and 374 German) and 562 control subjects (476 Dutch and 86 German) from EUGENDA were included. Patients of all AMD stages were included. AMD staging for the EUGENDA study was performed by the Cologne Image Reading Center and Laboratory (CIRCL). Color fundus photographs of both eyes of all cases were evaluated by two independent reading center graders according to the standard protocol of the Cologne Image Reading Center and Laboratory. AMD was defined as the presence of at least 10 small, hard drusen and pigmentary changes, or at least one intermediate size druse. Control individuals exhibited no signs of AMD in either eye and showed no other macular pathology. Data of AMD cases and control individuals of similar ages were collected, although the mean age of AMD patients (75.86 Ϯ 8.16 years) was slightly higher than that of the control individuals (72.72 Ϯ 6.63 years). All individuals were from the Nijmegen (Netherlands) and Cologne (Germany) area, respectively. The research protocols followed the tenets of the Declaration of Helsinki. All participants provided written informed consent. The protocols were reviewed and approved by the local institutional review boards.
Genotyping and Lipid/Lipoprotein Measurements
Genomic DNA was extracted from peripheral blood samples using standard procedures. Genotyping of SNPs in the TIMP3 (rs9621532), LIPC (rs10468017), LPL (rs12678919), ABCA1 (rs1883025), FADS1-3 (rs174547), and CETP (rs3764261) genes was carried out as previously described. 24 Serum levels of apolipoprotein B (ApoB), apolipoprotein A2 (ApoA2), lipoprotein a (Lpa), cholesterol, triglycerides, and HDLcholesterol (HDLC) were measured in a subset of patients and controls using standard procedures by a clinical chemistry laboratory (Architect Analyzer; Abbott Diagnostics Hoofddorp, the Netherlands).
Statistical Analysis
Differences between case and control subjects in baseline characteristics, mean serum lipid and lipoprotein levels, and risk allele frequencies were tested using the 2 
RESULTS
Baseline demographics of the Dutch-German cohort are shown in Table 1 . The mean age of the AMD patients is slightly higher than in the control individuals. Female sex and current smoking status were significantly associated with AMD.
The risk allele distributions were analyzed in the DutchGerman cohort ( Table 2 ). The risk allele frequency of rs1883025 in the ABCA1 gene was significantly higher in AMD patients compared with control individuals (P ϭ 0.00027). The risk allele frequency of rs174547 in the FADS1-3 gene was significantly elevated in AMD patients in the combined cohorts (P ϭ 0.015). A nearly significant association was observed for rs9621532 in the TIMP3 gene (P ϭ 0.067). We did not find significant associations for SNPs in the LPL, LIPC, and CETP genes.
Mean (or median) serum levels of ApoB, ApoA2, Lpa, cholesterol, triglycerides, and HDLC in AMD patients and control individuals are presented in Table 1 . Mean ApoB levels were significantly higher in AMD patients (1012 Ϯ 521 mg/L) than in control individuals (979 Ϯ 227 mg/L) in the Dutch-German cohort. No significant associations were found for the other lipids and lipoproteins.
ApoB levels were higher in individuals carrying the homozygous high-risk CC genotype (1007 Ϯ 241 mg/L) compared with individuals carrying the homozygous low-risk TT genotype (940 Ϯ 222 mg/L; Table 3 ). The mean ApoB levels increased with the number of risk alleles in ABCA1 (P ϭ 0.041), but this finding did not remain significant after adjusting for age and sex (P ϭ 0.061).
DISCUSSION
In this case-control study we confirmed the presence of associations between AMD and polymorphisms at loci of the HDL metabolism: ABCA1 and FADS1-3. Furthermore, we observed a nearly significant association with a polymorphism near the TIMP3 gene. However, no association was observed for SNPs in the LIPC, LPL, and CETP genes. Lack of association has also been observed in other cohorts; e.g., the previously reported association with the variant in the LIPC gene was not identified in two of seven cohorts studied. 14 This suggests that these variants may be differentially distributed among different populations. Alternatively, our study may not have sufficient power to detect modest effects; in particular for the LIPC and LPL SNPs the effect in our cohort seems to be more modest than previously described in other cohorts.
We detected elevated serum ApoB levels in AMD patients compared with control individuals. The serum levels of other lipids and lipoproteins, including HDLC, did not differ significantly between AMD cases and control individuals.
These data add further support that several pathways contribute to the pathogenesis of AMD. Besides the well-established involvement of the complement system (CFH, C2, C3, CFB), 25 additional genes encoding components of the extracellular matrix (ARMS2 and TIMP3), 15, 26 and genes of HDL metabolism play a role in the pathogenesis of AMD. Although the genes involved in HDL metabolism have a relatively small contribution to the development of AMD, they may reveal novel pharmacological targets to prevent AMD in individuals carrying high-risk alleles in these genes.
TIMP3 inhibits matrix metalloproteinase (MMP) and is involved in degradation of the extracellular matrix. It can also inhibit vascular endothelial factor (VEGF)-mediated angiogenesis independent of its matrix metalloproteinase-inhibitory activity. 27 Mutations in this gene can cause Sorsby fundus dystrophy, an autosomal dominant macular dystrophy with clinical features similar to AMD and an early onset before 40 years. Both TIMP3 and ARMS2 seem to be involved in extracellular matrix function. It has been shown that ARMS2 interacts with several matrix proteins. 26 This highlights the important role of the extracellular matrix in the pathogenesis of AMD.
This study supports previous associations between AMD and HDL metabolism. 14, 15 It is unclear how polymorphisms in genes of HDL metabolism can influence the development of AMD. Changes in HDL levels may lead to the accumulation of cholesterol and lipids in drusen. There has been some confusion because some alleles increase HDL levels and decrease the risk for AMD, while other alleles decrease HDL levels and increase the risk for AMD. 14, 15 Studies on the association between plasma HDL levels and AMD are also inconsistent. Studies have found no relationship, 21 a relationship between increased 17, 19 and decreased HDL levels 20, 22, 28 and AMD. In a recent study by Reynolds et al., elevated HDL levels in AMD were found to be associated with the LIPC genotype. 28 In this study, we did not observe altered serum HDL levels in AMD, nor did we find an association with ApoA2, Lpa, cholesterol, and triglyceride levels, despite that our study cohort was significantly larger and thus has more power than previous casecontrol studies. 20, 21, 28 In this study we did find significantly elevated serum ApoB levels in AMD patients compared with controls, which may partially be explained by the ABCA1 risk allele. A previous study also observed a marked increase of ApoB levels in AMD patients. 20 ApoB is a major low-density lipoprotein (LDL) transporting cholesterols to tissues. High levels of ApoB have been associated with atherosclerosis. 29 ABCA1 is known as the key transporter that facilitates this initial step in reverse cholesterol transport. In transgenic mice, ABCA1 overexpression raised plasma ApoB levels by delayed 125 I-apoA-I catabolism without altering ApoB secretion. 30 In AMD, lipids accumulate in Bruch membrane, a process which may be mediated through ABCA1. Transgenic mice overexpressing ApoB in the retinal pigment epithelium develop a phenotype similar to early human AMD. 31 Elevated levels of ApoB lipoproteins are known to stimulate inflammation although the underlying etiology of chronic subclinical inflammation is not clear. 32 This may be another possible mode of action of lipoproteins in the pathogenesis of AMD.
In conclusion, these results confirm associations of AMD and the loci for TIMP3 and genes of HDL metabolism: ABCA1 and FADS1-3. They further stress the role of the extracellular matrix and the HDL metabolism in the pathogenesis of AMD. Our study did not detect elevated HDL levels in AMD, but identified increased ApoB levels as a possible new serum biomarker for AMD. 
